Abstract The preparation of 191 Ir and 193 Ir electrodeposits for neutron capture cross-section measurements at the detector for advanced neutron capture experiments located at the at Los Alamos Neutron Science Center is described. The electrodeposition of iridium in the desired thickness of 0.4-1 mg/cm 2 is challenging. Better yields and thicknesses were obtained using electrodeposition from isopropyl alcohol solutions than from ammonium sulfate solutions.
Introduction
Improved cross-section data for the 191, 193 Ir(n,c) reactions are important for nuclear astrophysics studies [1] . Since previous cross-section data were obtained in 1978 [2] , improved measurements at the detector for advanced neutron capture experiments (DANCE) at the Los Alamos Neutron Scattering Center (LANSCE) [3] have been initiated using 191 Ir and 193 Ir targets. As part of these studies, uniform targets with thicknesses in the range *400-1000 lg/cm 2 were required for measurement of these cross-sections at DANCE.
Iridium is a precious metal that has a very low terrestrial abundance [4] and the metal form is insoluble in mineral acids and aqua regia even at elevated temperatures [5] . Because of the inert nature of the metal surface, coupled with its relatively high melting point and strength, iridium surface layers are much sought after for use as catalytic surfaces [6] , instrument pivots and spark plugs [4] . However, as a metal, iridium is difficult to melt and work using conventional methods such as forging, extrusion, and rolling [7] .
No references were found for iridium prepared by molecular plating or for use as nuclear chemistry targets or sources for radioanalytical purposes. However, because of the difficulty working with iridium metal, electrodeposition of iridium from aqueous solutions has been studied by researchers desiring coatings of iridium or iridium alloys [6] [7] [8] [9] . Iridium has been electrodeposited on tungsten using IrCl 3 or IrCl 4 in Na 2 HPO 4 and (NH 4 ) 3 PO 4 mixtures [8] . Electrodeposition of iridium from aqueous solutions was reported from IrCl 4 in dilute HCl solutions and produced bright deposits. The thickness of the deposit by this method was *50 lm, however low plating yields were reported [6] . IrCl 4 dissolved in NH 4 F, (NH 4 ) 3 BO 3 , a trace amount of ethanol, and NH 4 OH produced dark-grey deposits [6] . Deposits of 50-250 nm (110-570 lg/cm 2 , assuming metallic iridium) can be produced by electrodeposition of IrCl 3 in NH 4 SO 3 NH 2 solutions. More recently, iridium electrodepositions have been reported using molten salt electrodeposition techniques [7, 10] .
Since we have successfully applied ''molecular plating'' for the preparation of targets for DANCE for actinides [11, 12] and a lanthanide [13] , we wanted to apply this technique to the preparation of uniform targets of 191 Ir and 193 Ir for the cross-section measurements. In this paper, we will describe the preparation of these targets using the standard single-sided electrodeposition cell. Since obtaining targets with the desired thickness on a single foil proved to be difficult, we then turned to electrodeposition of iridium by molecular plating using the previously described doublesided electrodeposition cell [14] . These results will also be discussed in this paper.
Experimental
The chemicals used for the electrodepositions and separations described here are ACS reagent grade or better. The isopropyl alcohol (anhydrous, 99.9 %) was obtained from Alfa Aesar. 191 Ir from ORNL for the later experiments at the MIT Nuclear Reactor Laboratory.
The iridium targets prepared by the single-sided electrodeposition method were performed using the molecular plating method described in Ref. [12] . The conditions for successful electrodepositions using the molecular plating method were 4 mL isopropyl alcohol, 0.15 mL 0.1 M HCl, 30 mA constant current for 30 min, 0.5 mL quench with NH 4 OH, with a deposit diameter of 1.1 cm. The doublesided electrodeposition cell with a deposit diameter of 5 mm has been previously described [14] . Temperatures were not recorded; it was observed that the cells appeared slightly warmer to the touch after electrodeposition; hence, the solutions never reach the boiling point of the solutions used. Voltages were not recorded, however the general observation is that the voltage can vary between 50 and 200 V during molecular plating. Alterations of the procedure related to time, current, and solution content will be described below.
The yields of the various targets described here were determined by addition of 192 Ir to solutions containing iridium and subsequent analysis of the 316 keV line for 192 Ir by gamma spectrometry. Gamma spectra were obtained from HPGe detectors and the identification of the peak areas were performed by the program SPECANL. The iridium solution concentrations of the cold material were determined by ICP-AES performed in house. These solutions were then spiked with 192 Ir; the resulting electrodeposits were counted by gamma spectrometry as described above to determine the yield and the mass of iridium deposited. The reported thicknesses and yields for the double-sided electrodeposits represent both sides of the deposit. The error bars on the figures discussed below represent the counting error at 2r. Each data point represents one deposit, duplicate or multiple samples were not performed for each data point.
Since iridium metal is impervious to mineral acids and aqua regia, a more robust digestion was required for dissolution. Iridium metal can be digested using a flux of KNO 3 and KOH [15] . Digestion of the metallic iridium was performed by addition of the sample (in the mg range) with ten times its weight with a flux of a 1:1 mixture of KOH and KNO 3 in a quartz tube. The tube was heated over a Meker burner until the flux had melted. If necessary, additional KOH was added and the melt heated again to ensure dissolution. A dark brown liquid was obtained. Once cooled, the residue was dissolved in concentrated HCl and transferred to a Teflon beaker, the solution was dried, digested three times with concentrated HCl, dissolved in 6 M HCl, and then filtered with fast filter paper (Whatman #541). The residue contained silica from the quartz tube and often undissolved iridium metal. If insufficient iridium material was obtained, the residues were then dried and redissolved using the KOH/KNO 3 flux method to recover more iridium. The quartz tubes were usually heavily degraded by the method and were thus discarded after one use.
The filtrate likewise contained dissolved silicates and dissolved potassium that required removal. Iridium is retained on anion exchange resin in low HCl concentrations, while group 1 elements are not [16] . Furthermore, iridium is not retained on anion exchange resin in concentrated HBr solutions [16] . Therefore, the filtrate in 6 M HCl was dried and redissolved in 20 mL 0.1 M HCl and poured onto a column of 5 mL AG MP-1 (50-100 mesh) that had been prewashed with 5 mL 0.1 M HCl. The column was then washed with 100 mL of 0.1 M HCl and in some cases, rinsed with 100 mL 9 M HCl. The iridium was eluted with 50-100 mL concentrated 9 M HBr. The eluent was taken to dryness, digested three times with concentrated HCl, and then redissolved in 0.1 M HCl. For the first separation attempted, a 9 M HCl rinse was used after the 0.1 M HCl wash. For this separation, 12 % of the iridium was found in the first fraction (from the 0.1 M HCl load).
No iridium was present in the 0.1 M HCl wash, 8 % was present in the 9 M HCl rinse, 72 % was present in the 9 M HBr eluent, and 8 % was retained on the resin. The separation was refined for the 191 Ir cleanup. For this sample, 27 % was found in the effluent, 3.5 % of the iridium was found in the initial 0.1 M HCl wash, and 70 % was found in the 9 M HBr eluent. When possible, the effluents and wash solutions were collected and a second separation was performed. The incomplete separation of the iridium in these separations was attributed to incomplete oxidation to Ir(IV). During the course of these experiments, blue solutions or blue residues on glassware were occasionally observed. A more careful oxidation of the starting iridium solutions would presumably result in better iridium yields. After these first scoping studies, detailed analyses of the separation solutions were not conducted.
Double-sided electrodeposition experiments
For the optimization of the electrodeposition of iridium on titanium using the double-sided electrodeposition cell, solutions of natural IrCl 3 at 6.7 mg/mL were traced with 192 Ir. For each experiment, 22 mL isopropyl alcohol was added to each side as well as *2000 dpm 192 Ir. At the end of the electrodeposition time, 3.125 mL of concentrated NH 4 OH was added to each side of the cell and the electrodeposition was continued for an additional 60 s. Once the electrodeposition was finished, the contents of the cell were removed, both sides of the cell were rinsed with deionized water, and the cell was disassembled. The titanium substrate was then placed on a clean stainless steel planchet which was placed on a hotplate at 120°C to dry. The cathode material in the optimization experiments was 25 lm titanium foil. For the DANCE targets, 2.5 lm titanium foils from Goodfellow Corporation (Coraopolis, PA) were used.
For the experiments that examined the effect of 0.1 M HCl volume, 168 lg of natural iridium was added to each side. The amount of liquid added (0.1 M HCl ? water) was kept constant at 5 mL. The volumes of 0.1 M HCl used were 0.625, 1.25, 2.5, 3.75 and 5.0 mL. The electrodepositions were carried out at 30 mA for 30 min.
The experiments examining the effect of time were performed using the same conditions as described above. The amount of 0.1 M HCl added was 3.75 mL and the amount of water was 1.25 mL. The electrodeposition times examined were 30, 90, 180 and 240 min. Additional isopropyl alcohol was added, as needed, during the longer electrodeposition times to keep the solution above the top of the cathode.
For the study of the effect of current; the electrodeposition time was set 240 min; the other conditions remained the same as for the effect of time study. The current conditions examined were 30, 60, 75 and 90 mA. At the higher current, the isopropyl alcohol evaporation rate increased and required frequent additions in order to keep the liquid level above the cathode. For the study comparing stirring versus non-stirring, the electrodeposition cell was placed upon a magnetic stir plate and small stir bars were placed into each cell.
The effect of 0.1 M HCl addition was repeated after the current experiments. The amounts of 0.1 M HCl were varied between 1.75 mL to 7.5 mL with no water addition, at 90 mA and 240 min, with stirring.
Finally, the effect of iridium concentration was studied. The conditions used were 3.75 mL 0.1 M HCl, 90 mA and 240 min, with stirring. The amount of iridium used was 168, 336, 503, and 671 lg per side.
Results and discussion
In our initial studies, we compared the electrodeposition of iridium using the ammonium sulfate electrodeposition method described previously [17] with the molecular plating method using 192 Ir spiked solutions of natural iridium. Iridium deposits prepared using the ammonium sulfate method were not thick (14-41 lg/cm 2 ) with poor yields (3-6 %). Initial studies with the molecular plating method also produced low yields (\1 %); these deposits were prepared by attempting to dissolve the iridium in isopropyl alcohol; analysis of the leftover solutions showed an incomplete dissolution. Once the iridium solution was changed to 0.1 M HCl, small aliquots of which were then added to the isopropyl alcohol, improved yields and thicknesses were obtained (*9-27 % yields, 67-196 lg/cm 2 ). While these improvements were encouraging, thicker targets up to 1 mg/cm 2 were required for DANCE measurements. Therefore, for the 191 Ir and 193 Ir enriched targets for DANCE, thicker deposits were prepared by methods such as electrodeposition twice on the same spot and by electrodeposition on both sides of the target. An electrodeposition over an existing electrodeposit was only occasionally successful; yields ranged from 0.1 to 10 %. Better success was achieved with the electrodepositions on clean titanium surfaces (i.e., the front and back sides): for example, yields for the 193 Ir electrodeposits on clean titanium surfaces ranged from 9 to 23 %. Using a combination of these methods, three 193 Ir DANCE targets were prepared with thickness of 222, 290 and 360 lg/cm 2 . The
191
Ir targets for DANCE, however, were not as thick as the preliminary tests with natural iridium, resulting in three targets with 25, 44, and 64 lg/cm 2 for DANCE measurements. For the measurements at DANCE, the targets were stacked together to make a single target. The reasons for the low yields and sample thickness of the 191 Ir targets are unknown. We were unable to improve the yields for these targets because the small amount of 191 Ir available at that time prevented further experimentation. For the next round of 191 Ir targets, additional 191 Ir was obtained and targets were again prepared. Yields of 18-22 % were observed and five targets with masses of 228, 233, 239, 286 and 404 lg/cm 2 were prepared using a combination of electrodeposition on both sides of the substrate and electrodeposition twice on the same spot.
Despite the fact that sample thickness close to 1 mg/cm 2 could be achieved by stacking the individual targets together, targets of 1 mg/cm 2 on a single piece of 2.5 lm titanium foil were desired. The preparation of targets by electrodeposition twice on the same spot and two sides of the same foil using a single-sided electrodeposition cell is cumbersome and time consuming, requiring repeated handling and assay of rather fragile foils. Repeated handling of foils, for example, would sometimes result in the formation of holes or complete destruction of the foils. For the single-sided electrodepositions, because of budget and time constraints, a systematic study of the conditions required to prepare thick iridium targets was not undertaken. However, since we achieved success with the double-sided electrodeposition cell for the preparation of thick uranium deposits on a single titanium foil, we decided to perform similar studies with iridium electrodeposition in an effort to prepare 1 mg/cm 2 targets of iridium on a single titanium foil for subsequent DANCE cross-section measurements.
The first parameter examined was 0.1 M HCl addition. The yields for this study were low, resulting in large errors in the measurement. The lowest yield was 0.18 ± 0.04 % with a thickness of 0.59 ± 0.13 lg for 0.625 mL 0.1 M HCl. The other acid concentrations produced higher yields and thicknesses that were not statistically different from one another (0.37 ± 0.04 to 0.5 ± 0.1 % yields). The acid volume of 3.75 mL was arbitrarily chosen for the subsequent experiments. Electrodeposits prepared by this method were typically dark in color, dark blue to almost black, and appeared uniform to the eye.
The next parameter that was examined was time, where the electrodeposition time was extended from 30 min to 240 min (Fig. 1) . Again yields and thicknesses were low and not yet up to the desired thickness. A linear increase of yield and thickness was observed with time; however, by extrapolation of the existing data, achieving even a mediocre yield of 30 % would require *31 h of electrodeposition time. Because the electrodeposition unit must be attended by personnel at all times and we expected to achieve improvements in the yield and thickness of the iridium targets by alteration of other parameters, we settled on 240 min for further experiments.
More dramatic increases in the yield were observed with the increase of the current used for the electrodeposition (Fig. 2, solid line) . The increase in yield and thickness was fairly linear between 30 and 75 mA, but a sharp increase was noted between 75 and 90 mA. Because an increase in bubble production was noted between these two settings, we speculated that the bubble generation may have increased the electrodeposition yield at 90 mA by the agitation of the solution. We therefore repeated the experiments while stirring each side of the electrodeposition cell. With the addition of stirring, a more linear increase in yield and thickness were observed. A modest increase was observed at the lower current settings relative to the unstirred electrodeposition with a slight decrease for 90 mA in yield for unstirred versus stirred; these data are represented by the dotted line in Fig. 2 . Although these results were somewhat ambiguous, we continued with the stirring of both sides of the cell for subsequent experiments. Based on these data, we would expect that higher current would result in higher electrodeposition yields; however we chose to halt the experiments at 90 mA because of the increase in evaporation of the isopropyl alcohol, requiring increasing supplementation of the solutions during the electrodeposition.
Because the preliminary experiments with 0.1 M HCl amounts were conducted early in the development phase while yields and sample thicknesses were rather low, we Fig. 1 The effect of electrodeposition time on the yield and thickness of iridium targets prepared using the double sided electrodeposition cell Fig. 2 The effect of current on the yield and thickness of iridium targets prepared using the double-sided electrodeposition cell reexamined the effect of 0.1 M HCl upon iridium electrodeposition. In this case, no water was added and only the 0.1 M HCl volume was altered (Fig. 3) . In this case, the previously chosen volume of 0.1 M HCl, 3.75 mL per cell side, produced the thickest iridium deposits.
The 600 lg/cm 2 total iridium deposit shown in Fig. 3 represented the thickest target that had been produced to date on a single foil; the 300 lg/cm 2 represented the thickest iridium deposit produced per side. However, this amount was still not up to the 1 mg/cm 2 target thickness that was desired. Therefore, we prepared electrodeposits with increasing amounts of iridium added to each side of the cell. As Fig. 4 shows, the increase in iridium in the electrodeposition cell resulted in a nearly linear increase in target thickness (dotted line). Rather than the expected linear decrease in % yield, the % yield for these electrodeposits has a more complex cup shape. The increase in the amount deposited with iridium concentration resulted in the greatest improvement in deposit thickness compared to the other variables examined (time, current, acid concentration). These results suggest that further increases in iridium concentration may lead to even thicker deposits. Another consideration is that increasing the concentration may allow the tradeoff between concentration and time, producing targets with acceptable thicknesses that can be produced in \4 h 0 time. These findings suggest that the double-sided electrodeposition cell should be redesigned with smaller cells (currently *30 mL per side) that would allow for smaller volumes of more concentrated metal solutions. The benefit of a small cell volume would help when dealing with limited quantities of material, such as is the case for 191 Ir, or when dealing with radioactive elements, where limiting the amount of radioactive material in a glovebox or open front hood may be beneficial.
We determined that the optimum conditions for using the existing electrodeposition cell were the following: 22 mL isopropyl alcohol and 3.75 mL 0.1 M HCl per side, 240 min electrodeposition time, at 90 mA, while stirring. Using these conditions, electrodeposits of 191 Ir were prepared with thickness of 1.2 and 1.4 mg/cm 2 . The yields of these deposits were unexpectedly low: 7.2 and 8.5 %. A target of 193 Ir was also prepared with a thickness of 460 lg/cm 2 and a yield of 7.6 %. The reason for the lower yields for the 191 Ir and 193 Ir samples versus the natural iridium samples described above are not understood. However, we did have issues with the 191 Ir and 193 Ir solutions, such as color changes and precipitation formation. When these events occurred, the solutions were digested in HCl and H 2 O 2 , dried, and reconstituted in the 0.1 M HCl solution. However, these color changes and precipitation formation suggests that these solutions may not have been stable, resulting in the lower yields observed.
Despite the lower yields observed, the 191 Ir and 193 Ir deposits prepared with the double-sided electrodeposition cell were a great improvement over the targets prepared using the single-sided electrodeposition cell. As mentioned earlier, a single target of iridium on one titanium foil is preferable for cross-section measurements. Furthermore, although the electrodeposition time is 4 h versus the 30 min used for the single-sided cells, use of the doublesided cell actually decreased the sample preparation time, since obtaining iridium targets of a suitable thickness for a cross-section measurement from the single-sided cell required multiple electrodepositions; each electrodeposition cycle included time spent drying the target and assay of the target by gamma spectrometry. The additional electrodeposition cycles also added to the wear and tear of the fragile thin titanium foils, resulting in loss of sample on occasions. Fig. 3 The effect of 0.1 M HCl volume on the yield and thickness of iridium targets prepared using the double-sided electrodeposition cell Fig. 4 The effect of iridium concentration on the yield and thickness of iridium targets prepared using the double-sided electrodeposition cell. The x axis represents the amount of iridium added per side, where 1 = 168 lg
Conclusions
We have prepared thick, uniform targets of iridium for use in neutron capture cross-section experiments. To the best of our knowledge, these deposits are the first reported iridium electrodeposits prepared using the molecular plating method from isopropyl alcohol solutions. Early targets were prepared using a single-sided cell, however in order to achieve the desired thickness of iridium, it was necessary to perform electrodepositions on both sides of the foil, on top of previous deposits, and to stack several foils together. The use of the double-sided electrodeposition cell allowed for a more elegant preparation method by allowing for simultaneous electrodepositions on both sides. By examination of the electrodeposition conditions, it was possible to dramatically improve the thicknesses of the iridium deposits and prepare them on a single foil and optimum conditions for the current system were obtained. Using natural iridium, deposits of over 4 mg/cm 2 were prepared; the best DANCE target prepared by the double-sided electrodeposition cell was 1.4 mg/cm 2 . Further work using the double-sided electrodeposition cell will involve a redesign to make the cell chambers smaller, so that lower volume, more concentrated solutions can be used. We anticipate that with more concentrated solutions in a redesigned system, thicker targets will be prepared using shorter electrodeposition times.
